We proposed a decentralized high gain adaptive control which stabilizes an interconnected subsystems and analyze the stability and the fault tolerance of the system. In order to analyze the fault tolerance, it is given a structure of systems which is invariant under some failures of local controllers and an adaptice control which stabilizes a system with such structure is presented. Backstepping is applied to the decentralized high gain adaptive control system in order t o relax the restriction about the relative degree of each subsystem.
Introduction
Centralized control system based on the feedback of all states does not give a design method to have a fault tolerance against some failure of sensors or actuators. Hence, the centralized control is not considered to be useful for a large scale system composed of interconnected subsystems. Decentralized control system is considered to have a fault tolerance, so that some properties such rrs connective stability [12] and uutw"ou.3 controIlability [G, 161 are defined in view of a fault tolerance. The authors have been studied the design of decentralized control systems which have a fault tolerance for some controller's failure In a decentralized control system, we are interested in the failure of local controllers, while the important property is the stability of entire system since a subsystem may not be shut down even if the local controller fails. Consequently, the fault tolerance can be defined to maintain the stability of the entire system against the failure of local controllers.
If the system is linear time invariant, a necessary and sufficient condition may be given for a decentralized stabilization in consideration of the failure of local controllers. However, the number of conditions will increase as the system becomes larger, and it will be difficult to design the local controllers.
One way t o tackle the problem is to pay attention to an invariant structure under a certain kind of controller's failure. Since an adaptive control is useful for a parametric perturbation of the system, we will obtain the fault tolerance by applying the adaptive control t o the system with such structure. The references [Z, 3, 13, 14, 151 are theoretical analyses of this method which ensures the global stability against the controller's failures. A sufficient condition for the stability given in the references is (i) interconnection satisfies a matching condition and (ii) each subsystem is minimum phase and its relative degree is one. If the above conditions are satisfied, each subsystem is high gain stabilizable and a n influence of the interconnection from other subsystem can be made arbitrarily small. Since the magnitude of the interconnection is not known a priori and will vary according t o the failure of a local controller, each local feedback gain is tuned adaptively in order to maintain the overall system's stability. This paper extends a previous result t o a large class of plants. In the previous paper@, 3, 13, 14, 151, each subsystem is restricted to a system whose relative de-gree is one because an augmented error signal[9, 111, which is valid for a model reference adaptive control of higher order systems, can not be used in high gain adaptive control system. Recently, backstepping [7] is proposed for an adaptive stabilization as another method for higher order systems and is shown t o be valid for high gain adaptive control systems [8] . Therefore, we apply the backstepping method for the decentralized high gain adaptive control system when each subsystem has its relative degree two.
Preliminaries
The following definition and lemmas will be used throughout this paper. Remark 1 The assumption ( A l ) is one of sufficient conditions for decentralized stabilizability and assumes that interconnection terms flow out into other subsystems from the output of each subsystem. The assumption (A2) is a high gain stabilizability condition when the output and its derivative are available, and assumes that the sensitivity function from the input to the output of each subsystem can be made arbitraily small. In [3] , it is assumed that (i) Im G; C Im bi, which is a dual condition of ( A l ) , and (ii) c;(sI -A;)-'bi is minimumphase and its relative degree is one, which is more restrictive than (A2). where (A22,azl,alz) is a realization of the transfer
has a minimum-phase property and its relative degree is two, it can be decomposed as in Figure 1 where the feedback term alz(s1 -Azz)-'azl is a stable transfer function. The following lemma provides a simple model of the decentralized system oriented toward the fault tolerance analysis. ( 8 ) 
iL:(t)=-AU:(t) + .(t),
(9) N wi(t)=Si ( L j
y j ) ( t ) .
(10) 
Since the transfer functions (sI-Ai22)-' and l/(s+A) are both stable, Figure 2 . Decomposition of the interconnected subsystems with the assumptions ( A l ) and (A2).
are stable operators, i.e., & j E S. Using the linearity of the system, we obtain ( 8 ) , (9), and (10). Q.E.D.
Remark 3 Lemma 4 states that the decentralized system (4) and (5) with the assuniptions ( A l ) and (A2) is decomposed as in Figure 2 . By applying the siiiall gain theorem [l] to this deconiposed system, it will be shown that the local output feedbacks can stabilize the overall system.
4

Adaptive Stabilization Using Backstepping
This section treats a configuration and a stability analysis of a decentralized adaptive control using "backstepping." Miyasato (81 extended the backstepping [7] for the high gain adaptive control. We use backstepping with a so called a-modificationl5, 41, which is a robust configuration method of adaptive control systems, and apply it t o the decentralized system introduced in the previous section.
High gain adaptive control with backstepping is so complicated that we give an outline of the configuration for the plant shown in Figure 1 . In step 1, we coiisider a virtual control a ( t ) which is a virtual signal
t o be input a t u'(t). The virtual control a ( t ) is determined so as t o stabilize the system if u ' ( t ) = a ( t ) .
When k' is an appropriate constant, a ( t ) = -k * y ( t ) will stabilize the system. However, we can not tellthe value k ' a priori, we replace it by its estimate k ( t ) and determine it adaptively. Since the actual u' (t) does not equal t o a(t), we define the actual control u ( t ) in step 2 such t h a t z ( t ) = a ( t ) -d ( t ) converges to zero. If the relative degree of the plant is more than two, similar procedures will be repeated. For the simplicity, this paper treats only the case when the relative degree is two.
In order t o apply backstepping for the decentralized high gain adaptive control, we state the following lemma which gives a bound of the magnitude of interconnection terms. 
S t e p 1 Let ai(t) be a virtual control and define z i ( t ) = u:(t) -a i ( t ) . Then the time derivative of the local output yi(t) is
Yi(t) = eiyi(t) + giai(t) + gizi(t) + wi(t). (18)
If z , ( t ) = 0, the whole system can be stabilized by means of a a-modified decentralized high gain adaptive control [3] . Thus, we define the virtual control a i ( t ) as ai(t) = -kil(t)yi(t),
where &,l(t) is an adaptive parameter. And define the parameter adjustment law as
where a > 0 is a design parameter.
a Lyapunov function as
For the stability analysis, define the candidate for
where &,I ( t ) = k,, ( t ) -k h is a parameter error and k: l is a constant to be specified later. T h e time derivative of Vi, is
-agijil (t)%il(t)
=(ei -giki;)yf(t) + y i ( t ) { g i z i ( t ) + wi(t)}
9' 2 <(ei + 2 + 1 -gik,;)yf(t) -a g i i i l ( t ) l i l ( t )
9'
If z; = 0, differentiation of Vl = CZ, V,, with a suitable choice of k:l will prove the stability of the whole system. However, zi # 0, proceed to the next step.
S t e p 2 Calculate the derivative of z i ( t ) :
ii(t)=?i:(t) -Cqt)
(25)
=-Xu:(t) + U i ( t )
+ L ( t ) y i ( t ) + L ( t ) i i ( t ) (26)
The magnitude of B i , g, , and & ( t ) w i ( t ) are not known, we define the control input u i ( t ) as
where B,(t), g i ( t ) , and i i z ( t ) are adaptive parameters, and the parameter adjustment laws are define as
i i ( t ) = R i , ( t ) y i ( t ) Z i ( t ) -U t q t ) ,
j ; ( t ) = R i , (t).: ( t ) L i ( t ) -uiji ( t ) ,
i%z(t)=t?(t) -&i,(t). (31)
We consider the positive definite function: 
% z ( t ) l -k : z * t ( t ) + -w f ( t )
S t e p 3 S t a b i l i t y Analysis of the Whole S y s t e m Let 6'(t) = ( i i ( t ) , i j i ( t ) , &&l(t),i;z(t)), and define 6i(t) and 0; similarly. Then a positive definite function K(t) = V i l ( t ) + K z ( t ) becomes
1
K(t) = -2 ( y i ( t ) + t f ( t ) + Il6;(t)ll') . (34)
Define the suspended constants and k;, such that 
G(t)<--y;(t) --t;(t) --ll@;(t)112
(37)
+-w,T(t) + -110;112.
The Lyapunov function of the whole system may be defined ils N V ( t ) = K(t), Summarizing the above, we obtain the next theo- 
Gi(t)=OiYi(t) + giu:(t) + w i ( t ) , (42) i:(t)=-Xu:(t) + u ( t ) ,
( -di(t) ) ( 51 ( t ) Y i ( t ) kiZ(t) zi ( t ) -& ( t ) k i i ( t ) u ; ( t ) 3 (45)
zi(t)=.:(t) + L ( t ) y i ( t ) ,
(46) i ; ( t ) = L (t)Yi(t)Zi(t) -U & ( t ) , (47) j i ( t ) = i i l ( t ) Z i ( t ) -U&( t ) ,(48)
I ; , ( t ) = y t ( t ) -U i i l ( t ) ,
where U > 0 is a design parameter. p e n for each initial state yi (01, &(o), G!(o), k i 1 ( 0 ) , k i z (~) , the response yi(t), e^i(t), ji(t), k i l ( t ) , & ( t ) of the system (42)-(50) is bo.unded on [ O , c o ) , and converges to a bounded region as t + CO, which is independent from the initial conditions.
Fault Tolerance
In this section, we analyze the fault tolerance of the proposing system in the face of controller breakdown. Controller breakdown may occur by sensor or actuator failure, and it may cause gain reduction of the local feedback loop.
We adopt the following model for controller breakdown. If a controller breakdown occurs in subsystem XI;, the input to XI; becomes zero [lo, 6, 13, 31, i.e., ur,(t) = 0,
where tl is the time when the controller breakdown occurs. In this section, we aasume that L,, is a linear time invariant system. Let K be a index set of failed subsystems, i.e.,
. . , N } means that each control of CkI,. . . , XI;,,, becomes zero for all t 2 tl.
The system composed of failed subsystems can be modeled as a m-input and m-output system whose inputs are interconnections from the normal subsystems and whose outputs are (54)
One might be able to stabilize the overall system by using the normal system's inputs via interconnections even when SK is not stable. However, we consider that a precise modeling of interconnections is difficult and we do not consider the stabilization via interconnections. Accordingly, we must assume that S K E Smxm.
We can now prove the following result. Q.E.D.
Example
Consider a 2-input 2-output system written as where z ( t ) , u ( t ) = ( u l ( t ) u2(t))T, and y ( t ) = ( y l ( t ) y 2 ( t ) ) T , the state, input, and output of the plant respectively. and d ( t ) is a bounded disturbance vector. By Lemma 4, the above system is represented as a decentralized system shown in Figure 6 when the design parameter X = 2. Though each subsystem is stable and has its relative degree two, the interconnected system is not stable. However, we can observe that the feedback gain of the subsystem CZ becomes larger than before and that the stability of the overall system is maintained.
Conclusion
We proposed a decentralized high gain adaptive control system using backstepping and analyze the stability and fault tolerance of the system. Fault tolerance in this system is realized as follows: to give a system's structure which is invariant under a certain kind of failures and to give an adaptive control which stabilizes systems with such structure. Since a usual high gain adaptive controller is useful only for systems having relative degree one, we use backstepping in order t o relax this restriction. It will become easy to consider the fault tolerance in the design procedure if an invariant structure for failures is given.
